








































































critical	 metals	 from	 end-of-life	 products	 has	 received	 increased	 attention.	 Various	 streams,	 e.g.	
permanent	magnets,	nickel	metal	hydride	batteries	and	fluorescent	lamps	are	considered	targets	for	



















rich	 solution.	 Over	 99%	 of	 the	 REEs	 present	 in	 lamp	 leachates	 were	 extracted	 and	 stripped,	
respectively,	in	a	mixer-settler	system	comprised	of	three	extraction	stages	and	four	stripping	stages.	





5.09%	 europium	 and	 0.26%	 others)	 was	 synthetized	 from	 the	 strip	 product	 after	 extraction	 with	
Cyanex	 923.	 Yttrium	 oxide	 (99.82%)	 and	 europium	 oxide	 (91.6%)	 were	 synthetized	 from	 the	 strip	
products	after	extraction	with	Cyanex	572.		
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°C	 	 	 Degrees	Celsius	
>	 	 	 More	than	
<	 	 	 Less	than	
%	wt.	 	 	 Percentage	weight	total	
%	vol.	 	 	 Volumetric	percentage	
%E	 	 	 Percentage	extracted	
αA/B	 	 	 Separation	factor	between	A	and	B	
∆H0	 	 	 Enthalpy	change	at	standard	state	
∆S0	 	 	 Entropy	change	at	standard	state		
approx.		 	 Approximately	
aq	 	 	 aqueous	
BAM	 	 	 BaMgAl10O17:Eu2+	phosphor	
CAT	 	 	 (Ce,Tb)MgAl11O19	phosphor	
CFL	 	 	 Compact	fluorescent	lamp	
CRT	 	 	 Cathode	ray	tube	
CyMe4BTBP	 6,6’-bis(5,5,8,8-tetramethyl-5,6,7,8-	tetrahydro-benzo-[1,2,4-]triazin-3-yl)-
[2,20	]bipyridine	
D	 	 	 Distribution	ratio	
D2EHPA	 	 Bis-2-ethylhexyl	phosphoric	acid	
e.g.	 	 	 For	example;	such	as	
g	 	 	 Gram(s)	
h	 	 	 Hour(s)	
HDD	 	 	 Hard	disk	drive	
HEHEHP	 	 2-ethylhexyl	phosphonic	acid	mono-2-ethylhexyl	ester	
I2/KI	 	 	 iodine	in	potassium	iodide	(solution)	
ICP-OES	 	 Inductively	Coupled	Plasma-Optical	Emission	Spectroscopy	
ICP-MS	 	 	 Inductively	Coupled	Plasma-Mass	Spectrometry	
K	 	 	 Degrees	Kelvin	
kg	 	 	 Kilogram(s)	
L	 	 	 Litre(s)	
Lanthanides	 	 The	15	elements	57La	to	71Lu,	inclusive	
Lanthanoids	 	 The	14	elements	58Ce	to	71Lu,	inclusive	(the	lanthanides	without	57La)		
LAP	 	 	 LaPO4:Ce3+,Tb3+	phosphor	
LED	 	 	 Light	emitting	diode	
M	 	 	 Molar	concentration	(mol/L)	
MPa	 	 	 Megapascal	
min	 	 	 Minute(s)	
mL	 	 	 millilitre(s)	
2	
	
NiMH	 	 	 Nickel	metal	hydride	
O:A	 	 	 Organic:aqueous	(phase	ratio)	
org	 	 	 Organic	
pHeq	 	 	 Equilibrium	pH	
Phosphor	 	 Compound	capable	of	luminescence	
ppb	 	 	 Parts	per	billion	
REEs	 	 	 Rare	earth	elements	(the	lanthanides,	39Y	and	21Sc)	
rpm	 	 	 Revolutions	per	minute	
s	 	 	 Solid	
SEM/EDS	 	 Scanning	Electron	Microscopy/Energy	Dispersive	Spectroscopy	
S/L	 	 	 Solid	to	liquid	(ratio)	
TBP	 	 	 Tri-n-Butyl	Phosphate	
TPH	 	 	 TetraPropyleneHydrogenated	
TRPO	 	 	 TrialkylPhosphine	Oxides;	Cyanex	923	 	
UN	 	 	 United	Nations	
US	 	 	 United	States	
UV	 	 	 Ultraviolet	
vpm	 	 	 Vibrations	per	minute	
vs.	 	 	 Versus	
w/v	 	 	 Weight/Volume	
XRD	 	 	 X-Ray	Diffraction	






raw	materials	 required	by	 industries	 is	a	challenge	that	needs	 to	be	addressed.	This	demand	often	
leads	 to	 excessive	mining	 and	 exploitation	 of	 natural	 deposits,	 as	well	 as	 generation	 of	 secondary	




European	 Commission	 declared	 REEs	 to	 have	 the	 highest	 supply	 risk	 among	 non-energy,	 non-
agricultural	 raw	materials	 twice,	 in	 2010	 and	2014	 (European	Commission,	 2010;	 2014).	 There	 are	





countries	 due	 to	 radiotoxicity	 (Kilbourn,	 1994).	 Moreover,	 REEs	 have	 similar	 chemical	 properties,	
which	translates	 into	separation	and	purification	difficulties.	Production	of	REEs	 is	often	associated	





of	 these	 applications	 are	 characterized	 by	 high	 specificity;	 the	 REEs	 needed	 having	 no	 efficient	
substitutes	 with	 similar	 properties.	 Most	 importantly,	 REEs	 are	 essential	 in	 future	 sustainable	
technologies.	Neodymium,	dysprosium,	europium,	yttrium	and	terbium,	the	five	most	critical	REEs	(US	
Department	of	Energy,	2011),	are	used	in	green	energy	applications	e.g.:	
• neodymium	and	dysprosium	 in	permanent	magnets,	which	are	used	 in	wind	turbines,	hard	
disk	drives	(HDDs),	speakers,	headphones	and	others;	






limited	availability	on	 the	market.	 The	 closing	of	Mountain	Pass	mine	 in	 the	US	 in	 the	early	2000s	
allowed	China	to	gain	over	90%	of	the	REE	market	share,	although	the	country	possesses	less	than	half	
of	 the	 global	 deposits	 (Xie	 et	 al.,	 2014).	 This	 has	 led	 to	 significant	 price	 fluctuations	 over	 the	past	
decade,	as	well	as	export	quotas.	
All	these	aforementioned	factors	have	focused	attention	towards	a	better	processing	of	various	end-











suited	 for	 the	 recovery	 of	 REEs	 and	 have	 been	 studied	 in	 recent	 years	 for	 potential	 processing	 of	
fluorescent	lamp	waste	(Tunsu	et	al.,	2015).	Despite	the	research,	large-scale	applications	to	recover	
REEs	are	uncommon.	In	2011	the	global	average	functional	recycling	rates	of	REEs	and	mercury	from	




higher	 amounts	 of	 real,	 chemically	 complex	 and	 mercury-contaminated	 waste.	 Description	 of	 full	
processes	that	use	contaminated	fluorescent	 lamp	waste	fractions	as	 input	feed	and	separate	solid	
REE	compounds	as	final	products	are	scarce.	For	this	reason,	improving	and/or	developing	industrial	





































































group	 and	 seldom	 form	 concentrated	 ore	 bodies.	 Due	 to	 the	 fact	 that	 they	 have	 similar	 chemical	
properties,	 their	 individual	 separation	 is	 challenging.	 Obtaining	 high	 purity	 REEs	 requires	 complex	
chemical	processing	e.g.	a	large	number	of	solvent	extraction	separation	and	stripping	stages.	
The	 slow	decrease	 in	 ionic	 radii	 along	 the	 lanthanide	 series,	 known	 as	 the	 lanthanide	 contraction,	
allows	individual	element	separation	(McLennan,	1994).	This	decrease	leads	to	increased	strength	of	
cation-anion,	 ion-dipole	 and	 ion-induced	 dipole	 interactions,	 meaning	 that	 heavier	 REEs	 will	 form	
stronger	complexes	with	hard	donor	extractant	molecules	(Nash,	1993).	The	tetrad	effect	(Peppard	et	
al.,	1969)	was	noticed	in	various	extraction	systems	when	plotting	the	logarithm	of	certain	physical	
chemical	 parameters	 vs.	 the	 corresponding	 atomic	 number.	 Four	 breakpoints,	 explained	 by	 the	
stabilization	energy	 related	 to	 the	 inter-electron	 repulsion	energy	of	 the	4f	 electrons,	were	noted;	
lanthanum–cerium–praseodymium–neodymium,	 promethium–samarium–europium–gadolinium,	
gadolinium–terbium–dysprosium–holmium,	 and	 erbium–thulium–ytterbium–lutetium.	 The	
breakpoint	in	the	middle	of	the	series	is	due	to	the	stabilized	half-filled	4f7	electron	configuration	of	
gadolinium.	


















































well	 as	 other	 factors	 e.g.	 strong	 adsorption	of	mercury	 in	 the	material,	 presence	of	moisture	 etc.,	


















(Cuif	et	al.,	2005).	Phosphors	are	used	 in	products	such	as	cathode	ray	 tubes	 (CRTs),	 light	emitting	
diode	(LED)	lamps,	plasma	display	panels,	field	emission	displays	(large	format	and	billboard	displays),	
fluorescent	lamps	(general	service	fluorescent	lamps,	compact	fluorescent	lamps	(CFLs),	cold	cathode	
fluorescent	 lamps),	and	electronic	products	 that	use	LED	or	 fluorescent	 lamp	backlight	 illumination	
(flat	screen	televisions,	computer	screens,	etc.).		
In	 recent	 decades,	 fluorescent	 lamps	 have	 experienced	 increased	 usage	 due	 to	 the	 advantages	
compared	 to	 incandescent	 bulbs,	 political	 and	 marketing	 campaigns,	 and	 energy-related	
environmental	 considerations.	 Fluorescent	 lamps	 consume	 about	 75%	 less	 energy	 to	 produce	 the	













Modern	 fluorescent	 lamps	 use	 various	mixes	 of	 red,	 green	 and	 blue	 REE-containing	 phosphors	 to	
produce	the	desired	light	output	(Table	4)	(Cuif	et	al.,	2005;	Ronda	et	al.,	1998;	Song	et	al.,	2013;	US	
Department	of	Energy,	2009).	These	lamps	are	known	as	tri-phosphors	fluorescent	lamps	or	tri-band	





































































energy-intensive	 process.	 Moreover,	 special	 equipment	 is	 needed	 for	 this,	 e.g.	 perfectly	 sealed	
distillation	 units	 that	 operate	 under	 negative	 pressure	 in	 order	 to	 prevent	 the	 escape	 of	mercury	
vapours	 (Chang	et	al.,	2009).	The	method	 is	not	best	applicable	 for	waste	obtained	via	wet-sieving	
processes	due	to	the	high	amounts	of	moisture	present	in	such	streams	(Binnemans	et	al.,	2013).	An	
alternative	is	hydrometallurgical	processing,	which	involves	the	chemical	leaching	of	mercury	from	the	










to	 evaporate	 water.	 Also,	 higher	 temperatures	 are	 needed	 for	 the	 desorption	 of	 the	 mercury	
compounds	 in	higher	oxidation	states	 that	 form	during	chemical	stabilization	 (Raposo	et	al.,	2003).	
Because	of	 these	drawbacks,	 finding	 selective	hydrometallurgical	processes	 for	mercury	 removal	 is	
12	
	




When	 it	 comes	 to	 recovery	and	 separation	of	 individual	REEs,	hydrometallurgical	processing	 is	 the	























by	 leaching	 agent	 concentration,	 temperature,	 contact	 time,	 stirring,	 solid-to-liquid	 ratio	 and	 pre-
treatment	methods,	e.g.	crushing	and	grinding.	The	distribution	of	soluble	compounds	in	the	material,	
possible	 adsorption	 in	 the	 matrix,	 entrapment	 of	 soluble	 compounds	 in	 less	 soluble	 or	 insoluble	














Figure	 3	 –	 Schematic	 representation	 of	 a	 solvent	 extraction	 process	 for	 REEs.	 The	metals,	 initially	
present	as	 soluble	 ions	 in	an	aqueous	phase,	are	partitioned	between	 the	aforementioned	aqueous	









𝐷" = [𝐴]𝑜𝑟𝑔[𝐴]𝑎𝑞 	 		 	 	 	 	 	 	 	 	 	 (1)	
	
The	 distribution	 ratio	 can	 be	 used	 to	 calculate	 the	 percentage	 extracted	 (Equation	 2);	 and	 the	
separation	 factor,	which	characterizes	 the	degree	to	which	two	solutes,	A	and	B,	 can	be	separated	
(Equation	3).	
	%𝐸 = 100∗𝐷𝑉𝑎𝑞𝑉𝑜𝑟𝑔+𝐷	 	 	 	 	 	 	 	 	 	 	 	(2),	
where	Vorg	and	Vaq	are	the	volumes	of	organic	and	aqueous	phases,	respectively.	





















and	 separation	 factors	 between	 metal	 ions	 extracted	 with	 different,	 or	 the	 same	 extraction	
mechanism.	The	extraction	of	a	complex	is	a	function	of	two	steps	(Löfström	Engdahl	et	al.,	2010):	
• the	 collapsing	of	 the	 cavity	 containing	 the	 complex	 in	 the	 aqueous	phase,	 followed	by	 the	
transfer	from	the	aqueous	phase;	
























Mz+	(aq)	+	z	X-	(aq)	+	b	B	(org)	↔	MXzBb	(org)		 	 	 	 	 	 	 	 (4)	
	









M3+	(aq)	+	3	NO3-	(aq)	+	3	TRPO	(org)	↔	M(NO3)3TRPO3	(org)		 	 	 	 	 	 (5)	









pH	 and	 stripping	 requires	 less	 concentrated	 acids.	 The	 extraction	 mechanism,	 as	 stated	 in	 the	
extractant	sheet,	is	presented	in	Equation	7.	
	





REE3+	(aq)	+	3	(HA)2	(org)	↔	REE(HA2)3	(org)	+	3	H+	(aq)	 	 	 	 	 	 (8),		
where	(HA)2	is	the	dimer	form	of	the	extractant.		
	
Since	protons	 are	 involved	 in	 the	 equilibrium	 reaction,	 the	distribution	of	metal	 ions	 between	 the	
aqueous	and	the	organic	phase	will	be	pH-dependent.	Equations	7	and	8	show	that	extraction	of	REEs	
is	favoured	by	increases	in	pH	in	the	aqueous	phase.	The	opposite	process	(stripping)	is	favoured	by	





published	 and	 are	 presented	 below.	 Some	 of	 these	 address	 certain	 steps	 of	 hydrometallurgical	
processing	e.g.	 leaching	or	 testing	of	 extractants,	while	others	 focus	on	 combined	 leaching	 and/or	
solvent	extraction	to	recover	REEs.	While	some	studies	use	real	phosphors	fractions	collected	from	
end-of-life	 lamps,	 part	 of	 the	 experimental	 work	 was	 also	 performed	 using	 pure	 commercial	
phosphors,	carefully	cleaned	 lamps	that	are	broken	under	controlled	conditions,	and	even	artificial	
mixtures	 intended	 to	 simulate	phosphors	powder.	Most	 studies	do	not	use	mercury-contaminated	
material	as	feed.	
















Separation	 of	 REEs,	 either	 as	 a	 group	 or	 individually,	 is	 carried	 out	 using	 solvent	 extraction.	
Precipitation	with	oxalic	acid	is	also	used	to	recover	REEs,	either	directly	from	leachates	or	from	the	




2REE3+(aq)	+	3C2O42-(aq)	→	REE2(C2O4)3	(s)	 	 	 	 	 	 	 	 (13)	
	







Ce0.67Tb0.33MgAl11O19	+	NaOH	+	O2	→	NaAlO2	+	MgO	+	CeO2	+	Tb4O7	+	H2O	 	 	 (14)	
BaMgAl10O17:Eu2+	+	NaOH	+	O2	+	CO2	→	NaAlO2	+	BaCO3	+	MgO	+	Eu2O3	+	H2O	 	 	 (15)	
	
A	multi-step	leaching	process	for	fluorescent	lamp	waste	has	been	described	by	Otto	and	Wojtalewicz-
Kasprzak	 (2011).	 Dissolution	 of	 the	 halophosphors	 can	 be	 done	with	 hydrochloric	 acid	 at	 ambient	
temperatures	 (<30	 °C).	 Hydrochloric	 acid	 at	 60-90	 °C	 is	 then	 used	 to	 dissolve	 easily	 soluble	 REE	
phosphors	such	as	YOX.	Sulphuric	acid	at	120-230	°C	is	used	to	leach	the	REE	phosphates.	Alkali	fusion	




















hydrophobic.	 CAT	 is	 extracted	 with	 chloroform	 containing	 added	 1-pentanol,	 due	 to	 homo-	
aggregation.		
A	comparison	between	the	extraction	of	REEs	 in	 lamp	phosphors	using	tri-n-butyl	phosphate	 (TBP)	
complexes	 with	 nitric	 acid	 and	 water	 at	 atmospheric	 pressure	 and	 under	 supercritical	 conditions	
(carbon	dioxide)	has	been	carried	out	(Shimizu	et	al.,	2005).	Testing	at	atmospheric	pressure	 led	to	
37.4%	 extraction	 efficiency	 for	 yttrium,	 36.8%	 for	 europium	 and	 <3%	 for	 lanthanum,	 cerium	 and	




types	 of	 adducts	were	 prepared	 and	 characterized,	 and	 the	 phase-equilibrium	 behaviour	 for	 each	
adduct	in	supercritical	carbon	dioxide	was	studied.	The	water,	acid	and	TBP	contents	of	the	adducts	is	







mono-2-ethylhexyl	 ester	 (HEHEHP)	 in	 kerosene	 for	 applications	 in	 fluorescent	 lamp	processing	 has	
















was	 achieved	 at	 pH	 3	 using	 N,N-dioctyldiglycol	 amic	 acid	 in	 the	 ionic	 liquid	 1-butyl-3-

























































































































material	was	carried	out	at	ambient	conditions	 in	order	 to	determine	 the	moisture	content	and	 to	








The	 inorganic	 reagents	used	were	of	 analytical	 grade	purity	or	higher.	All	 inorganic	 solutions	were	










cooling/heating	 water	 bath	 and	 fixed	 to	 a	 shaking	 machine	 (IKA	 Vibrax	 VXR	 Basic)	 set	 at	 >1500	
vibrations	per	minute	(vpm).	For	larger	volumes,	phase	mixing	was	performed	in	separation	funnels	
using	manual	shaking.	Kinetic	experiments	were	initially	carried	out	to	estimate	the	phase	contact	time	













determine	 the	 occurrence	 and	 distribution	 of	 the	 components.	 X-Ray	 Diffraction	 (XRD)	 (Siemens	
Diffraktometer	 D5000)	 was	 used	 to	 obtain	 structural	 information	 about	 the	 major	 components.	
Additional	information	about	these	techniques	is	provided	in	Appendix	1.	




of	 fluorescent	 lamp	 shredder	waste	 (Hobohm	 et	 al.,	 2016).	 This	method	 showed	 highest	 leaching	









Water,	 ammonium	chloride,	 nitric,	 hydrochloric	 and	 acetic	 acid	 (Publication	 I),	 as	well	 as	 iodine	 in	
potassium	iodide	(I2/KI)	solutions	(Publications	III	and	IV)	have	been	investigated	as	possible	leaching	
agents	for	mercury.	The	influence	of	parameters	such	as	leaching	time,	leaching	agent	concentration,	

























Batch	extraction	of	metal	 ions	 in	nitric	acid-based	leachates	of	fluorescent	 lamp	waste	with	Cyanex	
923	dissolved	in	Solvent	70,	a	commercial	kerosene	with	low	aromatic	content,	was	extensively	studied	
in	Publication	II.	The	investigations	targeted	the	influence	of	various	parameters	on	the	extraction	e.g.	
time	(0-20	min),	 ligand	concentration	 in	the	organic	phase	(0.24-2.35	M),	acid	concentration	 in	the	
aqueous	phase	(0.005-4.1	M)	and	temperature	(23-60	°C).	Stripping	of	the	metal	ions	extracted	was	












comprised	of	 three	extraction	chambers	and	 four	stripping	chambers	 (120	mL	each;	polyvinylidene	
difluoride	construction)	(Figure	6).		













Further	separation	of	 the	REEs	 in	 the	stripping	products	collected	after	 the	solvent	extraction	with	
Cyanex	 923	 in	mixer	 settlers	 was	 carried	 out	 with	 Cyanex	 572	 (Publication	 V).	 The	 focus	 was	 the	
separation	of	yttrium	and	europium,	the	bulk	REEs	in	solution.	The	effects	of	various	parameters	were	
studied;	phase	contact	time	(0–30	min),	equilibrium	pH	(pHeq=	-0.35–1.15),	ligand	concentration	(0.75-



















All	 samples	 contained	 a	 significant	 amount	 of	 glass	 and	 other	 non-soluble	 fractions	 that	 were	
generated	 during	 lamp	 crushing.	 Even	 for	 some	 of	 the	 fractions	 rich	 in	 REEs	 the	 content	 of	 such	
impurities	reached	40-50%	dry	wt.	Glass	accounted	for	the	vast	majority	of	the	 impurities.	Metallic	
(aluminium	end	caps,	electrode	remains)	and	plastic	parts	and	even	packaging	residues	(small	carton	
pieces)	were	observed	 in	 coarser	 fractions	 like	 the	one	 studied	 in	Publication	 I.	 The	glass	particles	
varied	greatly	in	size,	ranging	from	over	1000	µm	(in	coarse	fractions)	to	less	than	25	µm.	Sieving	of	
the	more	REE-concentrated	fractions	through	meshes	of	different	size	showed	that	 the	bulk	of	 the	
material	 (up	 to	 83	 %	 dry	 wt.)	 consists	 of	 particles	 <25	 µm.	 The	 phosphors	 particles	 are	 also	












in	 cracking	 of	 some	 phosphor	 particles.	 Not	 surprisingly,	 this	 was	 shown	 to	 affect	 the	 leaching	
behaviour,	 leading	 to	 a	 slightly	 increased	 leaching	 efficiency	 of	 metals	 due	 to	 larger	 surface	 area	
contact	with	the	solution.	Yttrium	was	found	to	co-exist	with	europium	in	distinct	particles	as	YOX	but	
europium	was	 also	 found	 independent	 of	 yttrium.	Halophosphor,	 LAP	 and	CAT	particles	were	 also	
detected.	Mercury	was	found	spread	throughout	the	material,	being	present	in	the	phosphors	and	on	











Element	 Unit	 Sample	number	(according	to	Table	6)	and	metal	content	I	 II	 III	 IV*	 V**	
REEs	
Eu	 g/kg	 10.5	±	0.3	 10.8	±	0.3	 10.9	±	0.3	 0.4	±	0.03	 4.7	±	0.2	Y	 164.7	±	3.3	 162.3	±	3.9	 174.7	±	2.1	 6.8	±	0.3	 94.8	±	4.6	
Ce	
mg/kg	
700	±	28	 678	±	44	 1060	±	61	 382	±	23	 2015	±	145	
Gd	 766	±	10	 978	±	35	 2043	±	68	 244	±	17	 1937	±	81	
La	 773	±	46	 609	±	68	 412	±	64	 339	±	25	 1400	±	215	




7.5	±	0.1	 7.7	±	0.3	 9.3	±	0.2	 1.1	±	0.1	 14.3	±	0.7	
Ba	 4.7	±	0.2	 4.5	±	0.1	 7.1	±	0.6	 2.3	±	0.2	 10.5	±	0.4	
Ca	 135.0	±	3.9	 87.8	±	0.7	 93.1	±	1.8	 70.0	±	1.8	 88.3	±	5.4	
Fe	 4.5	±	0.1	 7.2	±	0.1	 6.0	±	0.3	 3.3	±	0.4	 5.2	±	0.4	
Mg	 2.8	 1.1	 2.5	 2.1	±	0.1	 2.0	±	0.1	
Mn	 4.4	±	0.2	 3.3	±	0.1	 3.5	±	0.1	 0.8	±	0.1	 3.1	±	0.2	
Na	 1.7	 2.3	 2.4	±	0.1	 	 	
Sb	 1.6	 1.2	 1.1	 	 	
Sr	 1.8	±	0.1	 3.1	±	0.1	 4.8	 	 	
B	
mg/kg	
466	±	10	 1531	±	19	 2462±	71	 	 	
Cd	 253	±	9	 40	 207	±	5	 40	±	2	 274	±	16	
Cr	 56	±	2	 36	±	2	 57	±	1	 25	±	21	 30	±	2	
Cu	 70	±	3	 220	±	4	 359	±	9	 513	±	61	 548	±	38	
Hg	 112	±	2	 nd	 227	±	5	 724	±	70	 367	±	26	
K	 490	±	18	 619	±	20	 600	±	17	 508	±	3	 946	±	43	
Mo	 nd	 61	±	1	 37	±	1	 148	±	7	 263	±	19	
Ni	 39	±	1	 133	±	3	 236	±	4	 159	±	168	 181	±	16	
Pb	 137	±	5	 310	±	7	 548	±	13	 344	±	91	 743	±	41	
Si	 445	±	17	 268	±	8	 134	±	6	 	 	
Sn	 11	±	1	 43	±	1	 203	±	3	 83	±	20	 227	±	18	
Ti	 472	±	13	 468	±	4	 489	±	6	 	 	
W	 136	±	19	 435	±	17	 441	±	8	 666	±	33	 905	±	69	
Zn	 409	±	15	 193	±	12	 1299	±	41	 1234	±	114	 1690	±	117	

































Figure	8	–	Comparisons	between	the	 leaching	efficiencies	 for	mercury	 from	sample	 IV	using	various	











the	 glass	 and	 phosphorus	 powder.	 Nitric	 and	 hydrochloric	 acid	 solutions	 led	 to	 better	 leaching	
efficiencies,	most	notably	for	the	latter	(Figure	8).		
Increased	acid	concentration	and	 increased	temperature/ultrasound	 improved	the	efficiency	of	 the	
process,	as	described	in	Publication	I.	The	main	issue	is	that	these	acidic	solutions	will	also	leach	the	
REEs,	notably	yttrium	and	europium,	as	further	discussed	in	section	4.3.	Therefore,	a	selective	leaching	
agent	 for	mercury	 is	 desired	 in	 order	 to	 prevent	 the	 contamination	 of	 subsequent	 REE-containing	
streams.	Iodine	in	potassium	iodide	was	found	to	have	very	good	selectivity	for	mercury,	with	almost	
no	REEs	being	leached	alongside.	Leaching	of	calcium	and	antimony	was	also	under	1%.	No	leaching	of	








from	 the	matrix.	 Leaching	 of	 elemental	mercury,	mercuric	 sulphide,	mercuric	 oxide	 and	 adsorbed	
mercury	occurs	according	to	Equations	16-19	(Mattigod	et	al.,	2009).	
	
Hg	+	I2	+	2	I-	→	HgI42-	 	 	 	 	 	 	 	 	 	 (16)	
HgS	+	4	I2	+	3	H2O	→	HgI42-	+	SO42-	+	6	H+	+	4	I-	 	 	 	 	 	 	 (17)	
HgO	+	4	I-	+	2	H+	→	HgI42-	+	H2O	 	 	 	 	 	 	 	 	 (18)	





























Anionic	exchange	using	Dowex	1X8	resin	 (chloride	 form)	 led	 to	complete	removal	of	mercury	 from	
solution.	 The	 iodine	 dissolved	 in	 potassium	 iodide,	 present	 as	 a	 tri-iodide	 species	 (Equation	 21)	
(Mattigod	et	al.,	2009),	was	removed	alongside	(Figure	11).		
	
I2	+	I-	=	I3-	 	 	 	 	 	 	 	 	 	 	 (21)	
	
	






































A	 clear	 advantage	 for	 this	 mercury	 leaching	 process	 is	 the	 use	 of	 simple,	 commercially	 available,	
chemical	 reagents.	 Thermal	 treatment	 of	 fluorescent	 lamp	 waste	 fractions	 has	 large	 energy	
requirements,	 given	 the	 fact	 that	 temperatures	as	high	as	800	 °C	are	needed	 to	achieve	complete	
decontamination.	For	wet	 samples	 the	energy	 input	will	be	higher.	The	hydrometallurgical	process	
developed	 here	 can	 be	 an	 alternative	 to	 thermal	 treatment	 and	 has	 a	 considerably	 lower	 energy	
requirement.	 Because	 the	 residue	 obtained	 after	 the	 I2/KI	 leaching	 step	 is	meant	 to	 be	 processed	
hydrometallurgically	to	recover	the	contained	REEs,	there	will	be	an	overlap	between	the	space	and	
equipment	 requirements	 for	 these	 two	steps.	Decontamination	 in	 this	case	can	be	carried	out	 in	a	
leaching	tank,	the	largest	amount	of	the	energy	input	going	into	agitation	and	the	pumping	of	feeds.	
Further	treatment	of	the	residue	e.g.	REEs	leaching	can	be	carried	out	using	the	same	equipment,	after	
removal	 of	 the	 I2/KI	 leachate.	 The	 initial	 investment	 in	 equipment,	 especially	 as	 this	 is	 the	 same	

































Acid	concentration	was	found	to	play	a	more	 important	role	 in	the	 leaching	of	cerium,	gadolinium,	










Figure	 14	 –	 Leaching	 behaviour	 of	 REEs	 from	 sample	 IV	 using	 nitric	 acid	 solutions	 of	 various	


























fractions	poses	problems	during	 leaching	by	 increasing	acid	consumption	and	 limiting	the	S/L	ratio.	









According	 to	 Equation	 12,	 18	moles	H+	 are	 consumed	during	 leaching	 of	 one	mole	 halophosphate	
(Dupont	and	Binnemans,	2015).	Leaching	of	calcium	and	other	impurity	metals	in	the	halophosphors	















min	 were	 barium	 (up	 to	 70%	 efficiency),	 antimony	 (up	 to	 77%	 efficiency),	 strontium	 (up	 to	 92%	
efficiency),	cadmium	(up	to	88%	efficiency),	silicon	(up	to	80%	efficiency),	tin	(up	to	72%	efficiency),	
lead	 (up	 to	 78%	 efficiency),	 copper	 (up	 to	 67%	 efficiency)	 and	 zinc	 (up	 to	 88%	 efficiency).	 The	






leaching	 of	 yttrium	 and	 europium	 occurred	 almost	 concomitantly	 over	 approx.	 one	 day,	 and	 was	














one	 leaching	 step	 is	 performed	 and	 one	 liquid	 stream	 is	 obtained	 (reduced	 volumes	 of	
secondary	 wastes).	 The	 disadvantages	 are	 a	 higher	 metal	 load	 in	 solution,	 possible	
precipitation	issues	during	solvent	extraction	and	lower	grade	final	product.	
2. Selective	leaching	of	calcium,	barium	and	other	impurity	metals,	followed	by	further	leaching	



























Al	 Ba	 Ca	 Fe	 Mg	 Mn	 	 Eu	 Y	
(1)	
I	 0.19	 0.43	 12.91	 0.34	 0.22	 0.42	 0.96	 15.25	
II	 0.23	 0.39	 8.31	 0.17	 0.06	 0.26	 1.01	 15.49	



























































showed	 distribution	 ratios	 lower	 than	 those	 of	 europium,	 despite	 having	 smaller	 ionic	 radius	
(Greenwood	and	Earnshaw,	1998).	Similar	behaviour	has	been	observed	in	other	solvent	extraction	







solution	 are	 responsible	 for	 the	 extraction	 of	mercury	 (Equation	 6).	No	 extraction	 of	mercury	was	
observed	from	nitric	acid	solution	containing	only	pure	REEs,	mercury	and	iron	nitrates.	For	this	reason,	













A	decrease	 in	extraction	efficiency	was	observed	with	an	 increase	 in	acidity,	due	to	competition	of	
protons	with	 the	 REE	 ions	 for	 the	 extractant	molecules.	 The	 data	 in	 Figure	 19	 refers	 to	 the	 initial	














































Element	 ∆Go	(23	°C;	kJ/mol)	 ∆Ho	(kJ/mol)	 ∆So	(J/mol·K)	
Ce	 -17.96	±	0.03	 -18.3	±	0.4	 -1	±	1	
Eu	 -21.28	±	0.04	 -22.1	±	0.5	 -3	±	2	
Gd	 -21.06	±	0.03	 -22.7	±	0.5	 -5	±	2	
La	 -15.36	±	0.06	 -14	±	0.4	 5	±	1	
Tb	 -21.98	±	0.16	 -23.3	±	1	 -5	±	3	
Y	 -20.99	±	0.03	 -23.1	±	0.5	 -7	±	2	
	
Hydrochloric	and	nitric	acid	solutions,	respectively,	were	found	to	effectively	strip	the	extracted	metals	















Based	 on	 the	 aforementioned	 findings,	 the	 leaching	 and	 separation	 processes	 were	 tested	 in	




Leaching	 of	 metals	 from	 the	 mercury-free	 sample	 II	 was	 investigated	 using	 the	 two	 approaches	
discussed	in	section	4.3.	This	was	to	determine	if	the	presence	of	large	amounts	of	calcium	alongside	































Ce	 12.9	 3.4	 21.6	
Eu	 966.6	 70.7	 1196	
Gd	 29.0	 4.1	 55.2	
La	 8.0	 6.0	 4.4	
Tb	 10.6	 4.4	 14.1	
Y	 15860.0	 591.6	 18020.0	
Impurities	
Al	 213.8	 137.7	 102.0	
B	 117.9	 75.5	 81.5	
Ba	 278.1	 314.6	 78.3	
Ca	 8143.0	 7576.0	 205.5	
Cd	 3.8	 4.5	 0.2	
Cr	 0.8	 0.5	 0.3	
Cu	 18.6	 8.8	 11.3	
Fe	 101.5	 48.6	 26.6	
K	 66.8	 53.0	 20.4	
Mg	 79.7	 49.7	 45.7	
Mn	 208.6	 257.0	 4.5	
Mo	 5.2	 2.3	 3.8	
Na	 209.8	 191.5	 36.8	
Ni	 7.3	 2.3	 6.6	
Pb	 27.8	 26.3	 6.8	
Sb	 131.9	 100.3	 38.0	
Si	 122.0	 164.9	 60.3	
Sn	 3.2	 2.5	 1.6	
Sr	 250.0	 213.9	 100.3	
Ti	 1.4	 0.5	 1.3	
W	 21.3	 5.9	 17.5	
Zn	 10.0	 7.4	 4.8	
Zr	 1.5	 0.8	 3.5	
	
The	 two	REE-rich	 leachates,	denoted	as	calcium-rich	 leachate	and	calcium-depleted	 leachate,	were	








Figure	 23	 –	 Extraction/stripping	 behaviour	 of	 yttrium	 (left)	 and	 europium	 (middle)	 from	 different	






The	 separation	 trial	 showed	 good	 stability	 over	 time,	 with	 only	 minor	 variations	 in	 metal	
concentrations	between	the	collected	samples.	Similarities	in	the	extraction	and	stripping	behaviours	
of	 REEs	 between	 the	 two	 types	 of	 leachates	 were	 observed,	 the	 minor	 differences	 being	 due	 to	
increased	content	of	REEs	in	the	calcium-depleted	leachate.	Most	of	the	REEs	(>92%)	were	extracted	





also	 lead	 to	 lower	 amounts	 of	 co-extracted	 species	 in	 solution.	 Iron,	 molybdenum,	 tin,	 titanium,	













Table	 12	 –	 Concentration	 of	 impurity	metals	 in	 the	 final	 strip	 product	 derived	 from	 sample	 II.	 The	
















































































Figure	 25	 –	 Extraction/stripping	 behaviour	 of	 yttrium	 (left)	 and	 europium	 (middle)	 from	a	 calcium-








Similarities	 between	 the	 co-extraction	 of	 impurity	 elements	 in	 this	 leachate	 and	 the	 leachates	 of	



























Ce	 11.5	 15.2	±	1.8	 15.0	±	0.2	
Eu	 1253.0	 1268.5	±	27.5	 1100.3	±	13.5	
Gd	 28.4	 29.4	±	1.0	 27.5	±	0.0	
La	 2.2	 2.7	±	0.4	 2.5	±	0.1	
Tb	 9.2	 8.6	±	0.2	 7.8	±	0.1	
Y	 20080.0	 21605.0	±	1005.0	 19676.7	±	81.8	
Impurities	
Al	 61.5	 1.3	±	0.0	 3.1	±	0.3	
B	 186.3	 8.8	±	1.3	 16.1	±	1.0	
Ba	 387.8	 4.3	±	0.4	 10.2	±	1.7	
Ca	 200.6	 3.6	±	0.3	 5.8	±	0.2	
Cd	 0.6	 nd	 nd	
Cr	 0.3	 nd	 nd	
Cu	 14.3	 nd	 nd	
Fe	 61.8	 nd	 nd	
K	 13.3	 nd	 nd	
Mn	 10.3	 nd	 0.4	±	0.0	
Mo	 0.6	 nd	 nd	
Na	 9.8	 nd	 1.3	±	0.0	
Ni	 6.5	 nd	 0.3	±	0.1	
Pb	 9.8	 1.5	±	0.0	 2.0	±	0.4	
Sb	 21.5	 nd	 0.4	±	0.0	
Sn	 0.8	 nd	 nd	
Sr	 300.9	 3.9	±	0.3	 6.8	±	0.3	
Ti	 1.2	 nd	 nd	
W	 5.2	 nd	 nd	
Zn	 8.5	 nd	 nd	











































𝐾:; = [𝑅𝐸𝐸𝐴3	(𝑜𝑟𝑔)]	∙	[𝐻+	(𝑎𝑞)]3[𝑅𝐸𝐸3+	(𝑎𝑞)]	∙	[𝐻𝐴	(𝑜𝑟𝑔)]3	 	 	 	 	 	 	 	 	 (23)	
	
The	distribution	ratio	of	a	REE	is	written	according	to	Equation	24.	




	𝑙𝑜𝑔𝐷 = 𝑙𝑜𝑔𝐾:; + 3 ∙ 𝑙𝑜𝑔 [DE(FG)][D"(HIJ)]	 	 	 	 	 	 	 	 (25)	
	



























































































stage.	 This	 separation	 more	 closely	 resembles	 an	 analytical	 procedure	 rather	 than	 a	 continuous	
counter-current	process,	as	would	be	required	industrially.	Further	stripping	was	carried	out	with	3	M	
hydrochloric	 acid	 to	 obtain	 a	 yttrium-concentrate	 meant	 for	 further	 processing,	 e.g.	 oxalic	 acid	
precipitation	(further	described	in	the	next	section).		
The	aqueous	phase	left	after	the	extraction	of	yttrium	contained	the	bulk	of	europium	and	traces	of	
















2	REE2(C2O4)3	(s)	+	3	O2	(g)	→	2	REE2O3	(s)	+	12CO2	(g)		 	 	 	 	 	 (26)	
	
Rare	 earth	oxides	were	prepared	 from	 the	 yttrium/europium-rich	 stripping	product	 obtained	 after	
solvent	 extraction	 with	 Cyanex	 923	 (Publication	 IV);	 and	 the	 yttrium	 stripping	 product	 and	 the	
europium	stripping	product	obtained	after	solvent	extraction	with	Cyanex	572	(Publication	V).	For	the	































Al	 <0.01	 <0.01	 nd	 nd	
B	 <0.01	 <0.01	 0.09	 0.02	
Ba	 <0.01	 <0.01	 0.13	 nd	
Ca	 <0.01	 <0.01	 0.10	 nd	
Ce	 nd	 nd	 1.87	 0.38	
Eu	 0.13	 0.08	 82.81	 91.60	
Fe	 <0.01	 <0.01	 0.01	 nd	
Gd	 0.01	 0.01	 6.24	 7.16	
K	 0.01	 nd	 0.41	 nd	
La	 nd	 nd	 0.37	 0.06	
Na	 0.03	 0.02	 6.15	 0.04	
Si	 <0.01	 <0.01	 0.25	 nd	
Tb	 0.02	 0.02	 0.41	 0.46	
Y	 99.77	 99.82	 1.08	 0.29	





having	 better	 control	 over	 selectivity	 during	 leaching.	 By	 optimizing	 the	 leaching	 conditions	 with	
respect	 to	 maximum	 dissolution	 of	 yttrium/europium	 and	 minimum	 dissolution	 of	




solvent	 extraction	 of	 yttrium,	 the	 obtained	 purity	 of	 europium	 oxide	will	 be	 lower	 due	 to	 the	 co-
precipitation	of	sodium	(Table	15).	High	amounts	of	sodium	from	the	sodium	hydroxide	used	for	pH	





































































terbium-doped	 lanthanum	 phosphate)	 and	 CAT	 (cerium,	 terbium-doped	 magnesium	 aluminate)	
phosphors.	 After	 dissolution	 of	 the	 YOX	 phosphor,	 further	 leaching	 of	 the	 remaining	 REEs	 can	 be	
carried	out	using	 concentrated	acids	 and	 temperature/ultrasound,	or	by	 chemically	 converting	 the	
undissolved	phosphors	to	more	soluble	oxides	(alkali	fusion).	




leaching	 reactors	 and	 counter-current	 mixer-settler	 systems.	 Selective	 leaching	 of	 metals	 was	
preferred	over	leaching	of	all	metals	in	a	single	step.	The	latter	led	to	lower	stripping	product	purity	
and	 to	 precipitation	 during	 extraction	 due	 to	 pH	 changes	 and	 the	 presence	 of	 large	 amounts	 of	
impurity	metals	 in	 solution.	 Over	 99%	 of	 the	 REEs	 present	 in	 lamp	 leachates	 were	 extracted	 and	
















Additional	 studies	 are	 required	 to	 improve	 certain	 steps	 in	 the	 process.	 Particular	 areas	 requiring	
further	development	are	described	below.	
1.	 Recovery	 of	 mercury	 from	 I2/KI	 leachates	 using	 ion	 exchange	 and	 solvent	 extraction.	 The	
experiments	presented	in	this	study	were	a	proof	of	concept	and	more	insight	is	needed.	Regeneration	
of	the	Dowex	resin	requires	addressing,	to	avoid	excessive	consumption	of	ion	exchanger.	Also,	the	
solvent	 extraction	 recovery	 of	 mercury	 requires	 more	 study	 to	 gain	 knowledge	 of	 the	 extraction	
systems.	Alternatives	of	removing	the	mercury	from	the	leachates	without	altering	the	oxidizing	nature	
of	 the	 solution	 (the	 iodine	 speciation)	would	be	beneficial,	 to	ensure	 the	 reuse	of	 this	 solution	 for	
further	leaching.			
2.	Further	optimization	of	the	leaching	process	of	metals	with	regard	to	the	S/L	ratio.	This	is	needed	in	







4.	 Better	 control	 of	 selectivity	 during	 leaching.	Minimizing	 the	 amounts	 of	 undesired	 constituents	
during	 leaching	would	 translates	 into	 higher	 product	 purity.	 Less	 gadolinium	 and	 terbium	 leached	
alongside	yttrium	and	europium	would	lead	to	higher	purity	of	europium	oxide.	
5.	Examine	the	use	of	Cyanex	572	to	extract	REEs	from	the	yttrium/europium-rich	leachate	without	
first	 carrying	out	 a	 group	extraction	of	 REEs	with	Cyanex	 923.	 This	would	 significantly	 simplify	 the	
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Inductively	Coupled	Plasma-Optical	 Emission	Spectroscopy	 is	 an	analytical	measurement	 technique	





The	 method	 requires	 the	 analytes	 to	 be	 in	 solution	 or	 as	 gas.	 To	 quantify	 elements	 in	 solids	 or	
sediments,	a	dissolution	step	must	first	be	carried	out.	The	resulting	solution	is	injected	in	the	plasma	
with	 a	 carrier	 gas,	 in	 this	 case	 argon,	 as	 aerosol.	 The	 sample	 is	 atomized	 in	 argon	 plasma	 at	 high	
temperatures.	 Upon	 de-excitation,	 photons	 with	 characteristic	 wavelength	 are	 emitted	 by	 the	
elements	 present.	 The	 intensity	 of	 the	 emitted	 photons,	 which	 is	 proportional	 to	 the	 amount	 of	




Scanning	 Electron	Microscopy/Energy	Dispersive	 Spectroscopy	 is	 a	 technique	 used	 to	magnify	 and	
analyse	the	appearance	of	materials,	to	obtain	data	about	the	elements	present,	and	to	determine	the	
occurrence	and	distribution	of	components.	







































Multiple-stage	 separation	 is	 an	 important	 aspect	when	 it	 comes	 to	 achieving	 high	 product	 purity.	
Individual	separation	of	REEs	with	high	purity	often	requires	a	high	number	of	separation	stages,	due	
to	the	similarities	in	chemical	properties.	The	aqueous	and	organic	phases	are	fed	in	at	opposite	ends	
of	the	bank	of	contactors,	which	maximizes	the	driving	force	for	extraction	(the	solute	concentration	
difference	between	the	two	phases)	(Cox	and	Rydberg,	2004).	
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Mixer-settlers	have	some	advantages	over	other	types	of	phase	contactors	used	in	industrial	solvent	
extraction	separations,	e.g.	pulse	column		(Ritcey,	2004),	such	as:	
• High	efficiency	
• Simple	construction	
• Low	maintenance	
• Easy	to	scale	up	
• Good	phase	contact	
• A	wide	range	of	flow	ratios	can	be	handled	
• Well	defined	steps	allow	simple	process	calculations	
• The	process	is	easy	to	start	and	restart	
• Stages	can	be	added	or	removed	easily.	
	
Downsides	relate	to:		
• Space	requirements	(sometimes	a	large	floor	area	is	needed)		
• The	need	for	large	organic	phase	volumes	(large	holdups)	
• The	time	it	may	take	the	system	to	reach	steady	state	
• High	energy	consumption	requirement	for	mixing	and	pumping	the	feeds	 in	systems	with	a	
large	number	of	stages.	
	
The	mixer-settler	setup	used	for	the	group	separation	of	REEs	with	Cyanex	923	(discussed	in	section	
4.5)	is	presented	in	Figure	36.	
	
	 	
Figure	36	–	The	mixer-settler	setup	used	for	the	group	separation	of	REEs	with	Cyanex	923,	discussed	
in	section	4.5.	The	system	consisted	of	three	extraction	units,	which	can	be	seen	on	the	right	in	both	
pictures,	and	four	stripping	units,	located	on	the	left.	
